A delicate balance between cell death by apoptosis and cell survival is a key mechanism for proper regulation of the immune system. Apoptosis has to take place constantly to counterbalance
. [6] . Mitochondrial dysfunction, characterized by marked reduction in mitochondrial membrane potential (⌬m) , is an early step of ongoing DC death that can be triggered by many cytotoxic stimuli [7] [8] [9] [10] [11] [12] [13] . Inner and outer mitochondrial membrane permeabilization is tightly regulated by the opposing actions of pro-and anti-apoptotic Bcl-2 family members. Compelling evidence indicates that mitochondria-related proteins of the Bcl-2 family are crucial DC death sensors [9, 12, [14] [15] [16] , substantiating the importance of mitochondria in DC apoptosis. [16, 17] 
The intrinsic apoptosis pathway requires mitochondrial-specific signalling. Mitochondria initiate apoptosis through mitochondrial outer membrane permeabilization and the release of apoptogenic factors (e.g. cytochrome c, AIF or Smac/Diablo) from the mitochondrial intermembrane space, leading to cell death through caspase-dependent and -independent pathways. Signalling cascades can also affect the inner mitochondrial membrane permeability in apoptosis and necrosis. As a consequence, cells also exhibit a loss of electrical potential across the inner membrane which is quantifiable by means of potentiometric dyes, a measure that precedes signs of nuclear apoptosis and cell death

Owing to their critical role in the induction of antigen-specific T-cell responses, DCs are increasingly used in active immunotherapy of malignant diseases. Currently, much effort is being applied to engineering DCs for active vaccines, which appears to be a promising approach for the development of anti-tumour immune responses. The most frequently described method for obtaining DCs is their ex vivo generation from peripheral blood cells, such as monocytes. Generally, these monocyte-derived DCs are subjected to a process of maturation prior to their administration to patients. Several reports recently advocated that the immunostimulatory properties of DC-based vaccines are limited by their short lifespan
Mitochondrial calcium retention capacity
For determination of mitochondrial calcium loading, a procedure described previously [22] 
Immunofluorescence microscopy
Sub-cellular distribution of AIF and cyt c was revealed by immunofluorescence staining and nuclei counterstained with Hoeschst 33342 following published methods [19] . 
Cell surface immunostaining
Allogenic naïve T-cell response
T-cell activation was assessed by flow cytometry measuring CFSE fluorescence intensity as described previously [18] . (Fig. 2B) . The cytosolic accumulation of cytochrome c and AIF was not abrogated by z-VAD.fmk (Fig. 2B) at concentrations that completely block caspase activity ( Fig. 2A) [25] .
Results
Characteristics of spontaneous DC death in culture
In many models of apoptosis, the release of mitochondrial pro-apoptotic factors is accompanied by a step-wise dysregulation of mitochondrial functions. This mitochondrial dysfunction is characterized by a loss of ⌬m, followed by the subsequent generation of ROS resulting from uncoupling of the respiratory chain [26] . We performed a kinetic analysis of the appearance of these mitochondrial alterations in cultured DCs (Fig. 2C) . At the times indicated, an aliquot of DCs was stained with the potential-sensitive dye DiOC6 (3) and with the ROS reactive compound HE (Fig. 2C) . As shown in Fig. 2C , disruption of ⌬m measured by the reduc- Fig. 2C, left  panel) . The spontaneous loss of ⌬m in cultured DCs was followed by enhanced ROS formation (at day 2) detected by the oxidation of HE to the fluorescent product ethidium (HE + cells) (Fig. 2C) . Thus, mature DCs first disrupt their ⌬⌿m and then hyper-produce ROS, the same sequence of events that has previously been observed in a variety of different models of cell death [27] . A double-staining procedure was developed to simultaneously assess DC ⌬⌿m and cell viability (Fig. 2D ) using the combination of DiOC6 (3) and PI (Fig. 2D) (Fig. 2D) 
Fig. 1 Spontaneous death of freshly matured human monocyte-derived DCs. Immediately after maturation, human monocyte-derived DCs were cultured under standard conditions for 4 days and an aliquot of cells was collected every day for cell death determination (0, 1, 2, 3 or 4 days of culture). (A) Flow cytometric analysis of Annexin V-FITC binding and PI staining in cultured DCs at different incubation times (days
Regulation of constitutive DC death
To determine whether the caspase family of proteases is necessary for ⌬m disruption and cell death, cells were incubated with z-VAD.fmk, a generalized irreversible caspase inhibitor. The z-VAD.fmk failed to prevent spontaneous ⌬m disruption (Fig. 3A,  left panel) , confirming that caspases must act downstream of the mitochondrion. The z-VAD.fmk, at concentrations that completely block caspase activity, only delayed but did not prevent sponta-
Fig. 2 Spontaneous DC death involves caspase activation and mitochondrial dysfunction. Immediately after maturation, human monocyte-derived DCs were cultured under standard conditions for 4 days and an aliquot of cells was collected every day (0, 1, 2, 3 or 4 days of culture) for determination of caspase activation (A) and mitochondrial dysfunction (B, C, D). (A) Caspases 3/7 activity was measured (left part) as described in Materials and Methods. When indicated, DCs were exposed for 1 hr to z-VAD-fmk (100 µM) as a positive control for caspase inhibition. Mean ± S.D. from three independent experiments are shown. Active caspase 3 was identified by Western blotting (right part). Three independent experiments gave similar results. (B) Cytosolic protein fractions were obtained and cytochrome C, AIF and Smac Diablo mitochondrial release in DCs was evaluated by Western blotting. (left part). When indicated, DCs were treated for 24 hrs with z-VAD-fmk (100 µM). Equal loading was checked by probing with anti-G3PDH antibody. Blots were also probed for cyt c oxidase to exlude mitochondria contamination in the cytosol. As a control for detection of cyt c oxidase, a total lysate was loaded. Fluorescence images (right part) of immunostaining with cytochrome c (green) or AIF (green) and nuclear Hoechst 33342 staining (blue) of DCs at day 0 (D0) or day 1 (D1) of culture. Original magnification ϫ630. (C) Simultaneous assessment of ⌬m and ROS production performed with DiOC6(3) and HE. As a control, DCs were incubated with the protonophore mClCCP (100 µM, 15 min., 37ЊC) as a negative control for DiOC6(3) staining. One representative experiment of four is shown. (D and E). Mature DCs were cultured for 36 hrs under standard conditions, and cells then stained with DiOC6(3) and PI before flow cytometric analysis. Same results were obtained with CMX-ROS and YOPRO-1 staining. These flow cytometric parameters were used for sorting (D). The left square depicts the viable sorted ⌬m low subpopulation and the right square represents the ⌬⌿m high counterparts. (E) Determination of caspase activity in ⌬m-sorted populations as shown in D. Caspases -3/7, -8, and -9 activity was estimated after short-term culture of sorted viable ⌬m high and low DC subpopulations (E). Mean ± S.D. from three independent experiments are shown. *Statistically significant between purified ⌬m low and ⌬m high subpopulations. (F) Mitochondrial calcium retention capacity. At day 0 (D0, left panel) or day 2 (D2, right panel) of culture, DCs were permeabilized with digitonin and calcium uptake measured with a calcium-sensitive electrode after the addition of calcium (each 10 µM CaCl2 pulse [arrows] was detected as a peak in calcium concentration). Three independent experiments gave similar results.
neous DC death (Fig. 3A, right panel) . We also asked whether the spontaneous reduction of ⌬⌿m and nuclear apoptosis could be reversed if a survival stimulus was applied (Fig. 3B) (Fig. 3C) . As a consequence, it appears plausible that DCs characterized by a low ⌬m are irreversibly programmed to die.
. Thus, when the level of cytokines (GMCSF + IL-4) was maintained in the culture medium, ⌬m disruption and DC death were significantly delayed during the first days of incubation, confirming the close association between the onset of death and mitochondrial dysfunction in DCs. However, this protective effect disappeared after 4 days of culture, even when cytokines were used at higher concentrations (data not shown). To test the influence of maturation on spontaneous DC death, it was important to document the rate of death for different matu-© 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 3 Regulation of spontaneous DC death. Immediately after maturation, human monocyte-derived DCs were cultured for 4 days in the presence or absence of 100 µM z-VAD.fmk added every day (A) or culture medium supplemented every 2 days with 800 U/ml GMCSF and 100 U/ml IL-4 (B). Aliquots of cells were collected every day (0, 1, 2, 3 or 4 days of culture) for determination of ⌬m (DiOC6(3) staining) and cell death (PI uptake). Mean Ϯ S.D. from 5 independent experiments are shown. (C) Effects of maturation factors on spontaneous DC death. DCs were induced to mature by the addition of 1 µg/ml LPS for 18 hrs or 10 µg/ml poly (I:C) or 5 µg/ml anti-CD40 mAb and then mature DCs cultured for 4 days, with an aliquot of cells collected every day (0, 1, 2, 3 or 4 days of culture) for determination of ⌬m (DiOC6(3) staining) and cell death (PI uptake). Mean Ϯ S.D. from five independent experiments are shown. ration agents stimulating DCs. Figure 3C illustrates that both ⌬⌿m disruption and death occurred in poly (I:C)-stimulated DCs to an extent very similar to LPS-matured DCs. Conversely, maturation with agonistic antibodies to CD40 significantly reduced the occurrence of DC death after 3 days of culture, but was unable to prevent spontaneous mitochondrial dysfunction
Changes in apoptotic gene expression profile during constitutive DC death
To gain new insights into the molecular processes that regulate mature DC apoptosis, we screened 96 apoptotic genes for changes in their expression profile. Using the apoptosis macroarray, we were able to identify 9 genes that were differentially expressed (1.5-fold difference) after 1 day in culture (Fig. 4A and  B) . Expression of genes encoding eight molecules diminished over 24 hrs in culture (Fig. 4) , whereas we found that expression of the pro-apoptotic gene BIM was significantly increased (Fig. 4A 
and B). Real time quantitative-PCR supported the macroarray results for c-FLIP, Mcl-1, Bcl-X, Bim, Rip-2, Fas, Gadd45 and TRAIL, with minor differences only in scale of the down-regulation and up-regulation levels observed (Fig. 4B). On the basis of these results, the levels (relative to ß-actin) of some important apoptosis-related proteins were assayed by Western blot analysis. The anti-apoptotic proteins c-FLIP and XIAP were down-regulated in DCs at day 1 of culture compared with day 0 (Fig. 4C). It is known that the susceptibility of DCs to apoptotic signals is regulated, in part, by the relative levels and competing dimerizations between
Bcl-2 family members [28] . After 1 day of DC culture, the proapoptotic protein, Bim, was also markedly increased, correlating with the mRNA profile; however, no change in other Bcl-2 family protein concentrations was evident (Fig. 4C) . These data correlate well with the apoptotic phenotype determined in the previous experiments (Figs. 1-3 Fig. 5A and B) . Although the ⌬m low subpopulation did not display morphological signs of late apoptosis (e.g. cytoplasmic shrinkage), their expression of HLADR, CD80, and CD886 was significantly lower than that observed for ⌬m high subpopulation of DCs (Fig. 5A and B) . Conversely, both subpopulations of cells expressed similar levels of CD1a, CD11c and CD83, DC-specific markers, irrespective of their ⌬m (Fig. 5A and B) . A more sophisticated approach was then used to corroborate these findings. Using the double-staining procedure described above, viable DCs were separated by cell sorting at day 2 of culture into two subpopulations, consisting of cells possessing either low or high ⌬m. Each DC subpopulation purified with different ⌬m values was then tested for their immuno-stimulatory functions (Fig. 5C and D) . We first assessed the impact of ⌬m on the capacity of mature monocyte-derived DCs to induce the proliferation of T cells in a mixed allogeneic leucocyte reaction (Fig. 5C) (Fig. 5C ), the ⌬m low DC subpopulation was unable to induce T-cell cytokine production (Fig. 5D ). In contrast, the ⌬m high DC subpopulation significantly induced secretion of the Th1 cytokine, IFN␥. Secretion of the Th2 cytokines IL4 and IL10 was not detected (Fig. 5D) (Fig. 6) . Incubation of DCs with rotenone for 4 hrs greatly reduced ⌬m (Fig. 6A) , decreased HLA-DR, CD80, and CD86 expression (Fig. 6B) , and significantly reduced T-cell proliferation and IFN␥ secretion (Fig. 6C) susceptibility to apoptosis induced by diverse stimuli [7] . Pathogen-and T-cell-derived maturation confers resistance to environmental (e.g. treatment with glucocorticoids or UVB [12, 30] ) and intrinsic death signals in DCs (such as Fas, TNFR1, and TRAIL [31] ) by up-regulating anti-apoptotic factors [15, 32, 33] . Accordingly, we and others [10] [41] . The lifespan of antigen-bearing DCs has been estimated to be as short as 3 days [29, 42] 
). These results indicate spontaneous modulations in the expression of apoptosis-related genes in DCs likely
(B) Expression changes of one up-regulated and seven down-regulated genes in DCs cultured for 24 hrs (D1) compared to DCs harvested immediately after maturation (D0). Similar changes were seen when DCs were compared via cDNA macroarray (black bars, n ϭ 3) and quantitative (Q-PCR) (white bars, n ϭ 6) (see Materials and Methods for details). (C) Analysis of DC apoptosis protein expression by Western blotting immediately after maturation (D0) or at day 1 (D1) of standard culture. The expression of
Correlation between ⌬⌿m reduction and DC phenotypes and immuno-stimulatory functions
